Although realignment of the patella was one of the proposed mechanisms for the success of this technique it has been shown from radiographic 2 , computerised axial tomography 3 , structural magnetic resonance imaging 4 and kinematic 5 studies that the tape does not significantly alter patellar medio-lateral alignment. It has been demonstrated that patellar taping can improve proprioception of the knee in healthy subjects 6 and in patients with PFPS 7 . These results suggest that there may be other more subtle sensory mechanisms at work through skin, tendon and muscle stimulation that may account for the improvement of a joint position sense task and for the success of patellar taping. All proprioception studies so far have measured variables along the efferent and afferent pathways or have assessed the final outcome of skeletal muscle activation and joint movement 8 . Proprioception was operationally defined in this study as the ability to reproduce a target angle of 20 0 knee extension using the active angle reproduction method for joint position sense.
Functional Magnetic Resonance Imaging (fMRI) has emerged as a promising technique for the detection and assessment of cerebral physiology and pathophysiology and the regional mapping of human cognitive functions such as motor and memory 9 . It provides an indirect measure of neuronal activity as it is based on secondary metabolic and hemodynamic events that follow neuronal activity rather than the electrical brain activity itself 10 . The most common fMRI technique uses blood oxygenation level dependent (BOLD) contrast, which reflects the loss of oxygen from hemoglobin causing its iron to become paramagnetic. When a task is performed, there is consequent neuronal activity and an increase in oxygen usage. This is followed within a few seconds by a larger fractional increase in blood flow and an increase in blood volume, resulting in a decrease in the amount of deoxygenated blood present. It is this change that the BOLD contrast technique detects. Several research groups have looked at the amount of brain activity involved during movement of the knee [11] [12] [13] [14] [15] . These studies found that knee movement resulted in significant activation of the primary motor cortex (M1), the supplementary motor area (SMA), the primary sensory motor cortex (SM1), the cingulate motor area (CMA), the premotor cortex (pre-SMA), the primary and secondary sensory cortices (S1 & S11), the basal ganglia and its major component the globus pallidus, the cerebellum and the thalamus.
These regions of interest are concerned with movement tasks, the process of proprioception, sensation, the decision making needed for a proprioception task, planning of complex coordination tasks and the co-ordination of the unconscious aspects of proprioception.
Although the application of a knee sleeve, brace or tape is a common therapeutic technique to improve pain and function in a variety of patellar problems, their mechanism has been debated, with opinion moving towards a sensory stimulatory and proprioception explanation 6, 16, 17 . To date, there has only been one study to examine the brain response after their application. Thijs et al 15 found that a tight elasticated knee brace and a less tight knee sleeve both increased brain activity in the primary sensorimotor cortex in contrast to a control condition. Although they concluded that both the brace and sleeve increased brain activation during knee movement as a result of increased proprioceptive input, their subjects performed each task from 0 0 to 90 0 knee flexion which was not a proprioception task.
Currently no studies have investigated the effects of commonly used patellar taping techniques during knee joint proprioception tasks on higher brain centers in healthy or injured knees. The aim of this pilot study was to examine, using a 2x2 factorial design, the brain activity during a knee joint proprioception task and monitor what changes occurred when patellar tape was applied. The hypothesis was that brain activity in the specified regions of interest especially in the sensory areas, would be altered by the application of patellar tape during a knee joint proprioception task, specifically joint position sense.
METHODOLOGY Subjects
A convenience sample of eight healthy male volunteers from health care professions was recruited. Their mean age was 29.4(SD 6.5years); BMI was 32.9(SD 8.8); Waterloo footedness questionnaire score was 9(SD 5.2); Baecke questionnaire score was 8.9(SD 1.4).
The scores for the Waterloo footedness questionnaire revealed right leg dominance for all subjects and the Baecke questionnaire revealed homogeneous habitual physical activity.
These data were comparable those of Kapreli et al 12 .
All participants gave their informed, written consent. Ethical approval was obtained from the Central Manchester Research Ethics Committee (No: 05/Q1404/17). Data collection took place in a university research facility over a 12 month period. Subjects were scanned at the same time of day to remove circadian effects. This was a pilot study and there were no previous data on which to base a power calculation. The sample size was deemed sufficient for this type of fMRI study design as large effect sizes are usually seen with fMRI.
Exclusion criteria
Subjects were excluded from the study if they had: histories of neurological, cardiovascular disease or histories of serious musculoskeletal injury in either lower limbs. Further exclusions related to MRI contraindications including: cochlear implants or any metal objects in the body, cardiac or neural pacemakers. Other exclusions specifically for fMRI were caffeine intake several hours before the scanning session commenced and the use of anti-depressants and anti-coagulant medications and psychoactive drugs.
Inclusion criteria
Subjects were included in the study if they were: right leg dominant determined by the Waterloo Footedness Questionnaire -Revised 18 , not participating in special sport or physical activity as determined by the Baecke Questionnaire 19 and were symptom free having no abnormalities at the knee joint or lower limb as assessed clinically by a specialist in musculoskeletal examination.
Subject positioning
The subjects wore shorts and lay in a supine position in the scanner. A wooden block supported the thigh and knee at an angle of 40 0 knee flexion and at 45 0 hip flexion. Head movement was restricted using foam pad Velcro straps and a bite bar. A strap was placed over the hips to further limit head motion as a consequence of lower limb movement. To ensure minimum ankle, foot and toe movements during the test, these joints were placed in a neutral position and held by a plastic moulded cast 12 (see figure 1 ).
Experimental design
Each scanning session consisted of four separate fMRI scans namely: a simple task or a proprioception task performed with or without patellar tape. A block design was used interleaved with a rest period in which the subjects lay awake quietly in a resting state (see 
Patellar taping
Patellar taping was applied using a previously published method 6, 7 . In brief, the subjects lay with a relaxed fully extended knee (0 0 of flexion), and one strip of tape was applied without tension across the center of the patella. The center of the tape was as near as possible to the center of the patella, with its medial and lateral edges aligned with the medial and lateral joint lines. The tape was not pulled in either a medial or lateral direction because the subjects were asymptomatic with no evidence of patellar malalignment.
Because of anthropometric differences between subjects, the length of tape may have meant some smaller patients getting proportionally greater amounts of tape than others. Thus, the length of tape was calculated with a tape measure to be 50% of the total circumference of the subject's knee.
Imaging acquisition Full brain fMRI images were obtained using an Echo Planar Imaging sequence, sensitive to the BOLD contrast, on a Philips 1.5 Tesla Intera scanner (TR/TE=5000/40, in-plane resolution 3mm x 3mm, slice thickness = 3mm, slices = 40). Each task lasted for 400 seconds, so that 80 images were acquired per scan.
fMRI analysis
Statistical analysis was performed using SPM5 (Wellcome Department of Cognitive Neurology, London, UK SPM5; http://www.fil.ion.ucl.ac.uk/spm/). This is standard software used for this type of analysis. For each subject, the entire image data set was spatially realigned to the first image of each fMRI scan using rigid-body registration 20 . The realigned images were then spatially normalised into a reference system, using a representative brain (MNI, Montreal Neurological Institute) as a template. Normalization was done by an affine and nonlinear transformation, mapping the mean functional scan to the template. Finally, the images were smoothed with a Gaussian kernel of 6 mm full width at half maximum for purposes of subject and group analysis 21 .
First level statistical data analysis consisted of modeling the different conditions using a boxcar function convolved with a delayed hemodynamic response function in the context of the general linear model 22 . Global changes of the BOLD signal were adjusted by scaling and a 0.004Hz high-pass filter removed any low frequency signal drifts. In addition, realignment parameters (three rotation and three translation parameters) were included in the design matrix as covariates of no interest to correct for confounding effects induced by head movement 23 . Statistical parametric maps were then generated, testing for the effects of interest by applying appropriate linear contrast to the parameter estimates of each condition. Separate group analysis was performed using a random effect analysis 24 to identify those voxels showing a significant difference in activation between movement conditions and rest.
Group analysis A 2x2 repeated measures factorial ANOVA was used to detect significant main effects and interactions. Four contrasts were investigated; the main effect of moving the knee, the main effect of simple versus proprioception task, the main effect of tape versus no-tape and finally the interaction between the tape and task conditions [tape (proprioception-simple task) -no tape (proprioception-simple task)]. Activation was measured in several regions of interest based on the knee fMRI studies mentioned in the introduction [11] [12] [13] [14] namely: the primary motor cortex (M1), the SMA-proper, the SM1, the CMA, the pre-motor cortex, the S1and S11, basal ganglia and its major component the globus pallidus, the cerebellum and the thalamus. For all comparisons listed above, the threshold was set at p(FWE)<0.05 small volume corrected for multiple comparisons for activation height within the a priori regions of interest. Only those with cluster size > 5 are reported.
Results
There were no adverse events from the taping or scanning procedures and no scans had to be excluded from analysis due to excessive head movement.
Main effects of knee movement
Both simple and proprioceptive knee movement tasks activated large areas of the brain with a positive BOLD response including the bilateral SMA-proper, S11, CMA, cerebellum, VTA/brainstem and thalamus (Table 1) . A negative BOLD response was observed bilaterally in S1, SM1 and SMA.
Main effects of tape
There was an increased BOLD response when using tape compared to no tape across both tasks bilaterally in the SM1. This can be seen as the yellow colored areas indicating highly significant levels of activity in contrast to no tape condition in Figure 3a . There was decreased activity in the cerebellum bilaterally when using tape compared to no tape, which is shown as light blue and dark blue areas in Figure 3b ( Table 2 ).
Main effects of tasks
There was an increased BOLD response when comparing the simple task to the more complex proprioception task in the right SMA proper, cerebellum and VTA of the brainstem and bilaterally in the pre-central gyrus. There was decreased activity, driven by a negative BOLD response, bilaterally in the SMA and pre SMA (middle and superior gyri) when comparing the proprioception task to the simple task (Table 3) .
Main interaction effects (task versus tape)
There was a positive interaction between task and tape, which can be seen as red and yellow areas in Figure 5a and detailed in the top half of Table 4 . This is seen as a positive BOLD response in the medial SM1 and SMA at the superior frontal and pre-central gyri as well as the CMA, basal ganglion and thalamus. This is illustrated by the histogram in Figure 6a which shows the BOLD response compared to rest in all task and tape conditions for the medial SM1 and SMA.
The lateral SMA and lateral SM1, had a negative BOLD response and a negative interaction between task and tape, which can be seen as blue areas in Figure 5b and detailed in bottom half of Table 4 . In the lateral S1, there was also a negative BOLD response compared to rest in the proprioception task with tape and the simple task without tape. This is shown in the histogram in Figure 6b .
Discussion
Patellar taping has been adopted worldwide for the treatment of patellofemoral pain syndrome. Although the effect of taping on knee joint proprioception has been investigated previously using a joint position sense JPS task 6, 7 , this is the first study to analyse the effects of this commonly used treatment with fMRI.
This study has shown that there is altered brain response when a simple strip of tape is applied to the right patella of healthy subjects during a proprioception task compared to a simple task but the direction of the responses does not always mean that there is an increase in brain activity. The tape increased BOLD response in some areas (e.g. SM1, S1), whereas in others areas (e.g. CMA & cerebellum) the BOLD response was decreased by the application of tape. This supports the theory that taping may be an efficacious therapy due to subtle mechanisms affecting the brain, not just because it gives mechanical support to the patella or alters lower limb biomechanics 25 .
Knee movement compared to rest When knee movement was compared to rest, both simple and proprioception tasks activated large areas of both cortices including the SM1, pre-SMA, SMA-proper, and the cerebellum.
These areas of brain activity are similar to those previously described [11] [12] [13] [14] with a predominant involvement of the SMA-proper and the SM1. This current study also noted bilateral hemisphere activation during the tasks and with the interaction between tape and proprioception task. It has been noted previously by Luft et al. 11 that bilateral activation seems to be a feature of lower extremity movement regardless of the joint and its complexity.
This study also found a negative BOLD response in the bilateral S1, SMA (superior frontal and pre-central gyri) and the SM1. Why knee movement should cause a decreased activity in some areas of the brain is difficult to explain. It is possible that knee movement was modulated by some form of interaction between the lower and upper limb representations due to small movements in the wrist and hand and foot and ankle. Newton et al. 14 noted this feature in the SM1 (pre-central gyrus) which is Brodmann's area 4/6, known as the 'hand knob' area for hand motor function 26 . We followed Kapreli et al's 12 methodology in which foot and ankle movements were controlled by a plastic splint (see figure 1 ) but subjects'
hand and wrist movements in their study and in the present study were neither controlled nor monitored. It is possible, though still speculative, that inadvertent upper limb movement during the scan may have modulated the BOLD response for knee extension.
Simple task compared to proprioception task
Comparing the two tasks, the increased activity in the right SMA proper and S1 and bilaterally in the pre-central gyrus, cerebellum and VTA of the brainstem during the proprioception task reflected the greater demand on co-ordination and decision making during this task. An increase in BOLD response in the SMA and pre SMA during the simple task was due to the subjects moving their knees through the greater range of motion of 40 0 compared to the 20 0 in the proprioception task (see Table 2 , figures not provided).
We were not able to measure the exact knee angle achieved during the proprioception task due to the technical problems of working within the scanner room and reading the angle accurately from a hand held goniometer. However, the fact that the subjects were making conscious decisions to accurately achieve the 20 0 knee angle ensured a comparison between a simple task and a more complex proprioception task.
Patellar tape compared to no tape When patellar tape was applied during either of the two tasks there was decreased activity in the anterior cingulate and the cerebellum, which are the regions of interest concerned with proprioception, the decision making and planning of complex coordinated tasks and the co-ordination of the unconscious aspects of proprioception (Figure 3b ). The histogram (figure 4b) shows that although both conditions showed an increase in BOLD response, the taping condition has less percentage increase and was closer to zero compared to the no tape condition. This indicates a relative decrease in activity with the tape on. This could be interpreted that subjects perceived the task to be easier to perform with the tape on and the activity of the cerebellum and anterior cingulate being less because these areas did not have to work as hard. The increase in activity in the SM1 when the tape is applied is greater than without tape as might be expected from the sensory input from tape( figure 3a and figure   4a ).
The interaction of task and tape conditions
The analysis of interaction between the simple or proprioception tasks, with or without tape revealed a mixed pattern of BOLD responses and brain activity.
In the medial SMA, CMA, basal ganglion and thalamus there was an increase in activity using all combinations of tasks and conditions. The highest activity in the simple task with tape probably reflected the greater range of knee movement (40 0 ) combined with the sensory input from the tape (figure 5a). The lesser activity during the proprioception task with tape was likely due to the task being perceived as being easier with the tape and so needing less brain activity. Conversely, the higher activity during the proprioception task without tape would be due to the task being perceived as more difficult thus demanding more activity to complete the task. The medial SM1 was also activated in a positive direction particularly for the proprioception task with taping which would result in a high sensory input from both conditions combined (figure 5a).
In contrast to these positive BOLD responses, the lateral SM1 and SMA-proper , showed negative BOLD responses. The reason that these are still seen as increased activity as
shown by the red and yellow areas in figure 5a is that there is a relative increase in activity as they are less negative. This interpretation is known in fMRI studies as being 'driven by a negative response'. Therefore, there is a relative increase in activity in the lateral SM1 and SMA when the proprioception task is done with tape (i.e. the response is less negative). In the lateral S1, the blue areas in figure 5b denote a negative BOLD response when the proprioception task is done with tape. The corresponding histogram (Figure 6b ) shows there is a relative decrease in activity in the lateral S1 in contrast to the proprioception task without tape. Decreased activity in the lateral S1 as indicated by the blue areas in figure 5b seems at odds with the expected increased sensory stimulation from the tape overlying the skin, tendons and muscles around the knee. Once again, the interaction between task and tape is driven by a negative BOLD response compared to rest in the proprioception task with tape and the simple task without tape. There are three possible explanations why there was decreased activity in the S1. Firstly, it is possible that the healthy volunteers may have perceived the tape as hindering their proprioception task instead of enhancing it. This explanation concurs with a previous proprioception and taping study using JPS testing which noted that healthy subjects with good proprioception found their proprioception to be worse when tested with tape 6 . Secondly, it might be that the proprioception task without tape was harder to do and the brain had to increase its activity to perform this task when there was no tape resulting in a relative increase in activity. Finally, the region of interest here is the pre-central gyrus on S1 (see table 4 ) which lies close to the area for 'hand-knob' representation making possible an interaction between upper limb movement in the precentral gyrus and the primary sensory cortex (S1) (see last two rows of Table 4) Thijs et al 15 used fMRI to compare the effect of a knee brace or sleeve with a no brace/sleeve control on brain activation during right knee movement. They also found increased activity in the SM1, (Brodmann's area 5) but it is difficult to compare results further, as they used female subjects who flexed their knees from full extension (0 0 ) up to 90 0 in a non-proprioceptive, multi joint task involving hip and ankle movement.
Clinical Implications
Clinicians have developed a variety of complex taping techniques for many years to alter patellar position, muscle activity or pain. This study shows that the application of a simple patellar taping technique covering 50% of skin over the knee has effects on areas of the brain associated with sensation, co-ordination, decision making and planning of complex coordination tasks and the co-ordination of the unconscious aspects of proprioception.
Presently there are no data to see if using a simple or complex technique has a greater or lesser effect on activity in the proprioception areas of the brain.
Limitations
There are several limitations for consideration. Firstly, the lack of randomization of the order of taping was deferred due to technical problems. This may have introduced a learning effect. Also, as Kapreli et al. 12 pointed out, the single knee joint movement was performed in contrast to the multi joint hip, ankle and foot joint movements during normal human functional tasks such as walking. The methodology recently used by Thijs et al. 15 should encourage researchers to use a multi joint proprioception task. Finally, the small sample size of only eight healthy subjects means the results have to be interpreted with caution and studies with greater numbers of subjects with and without PFPS should be considered
Conclusion
This fMRI study has shown that there is altered brain response when a simple taping technique is applied to the right patella of healthy subjects during a proprioception task 
